(Received 11 June 1956) It has been reported in a previous paper (Dianzani, 1954 ) that uncoupling of oxidative phosphorylation occurs in fatty livers. Adenosine triphosphatase (ATPase) activity of mitochondria isolated from fatty livers is increased. Conversely, many substances which inhibit oxidative phosphorylation produce fatty infiltration of the liver when administered intraperitoneally to rats or mice (Dianzani & Scuro, 1956) . A decrease of adenosine triphosphate (ATP) and of phosphocreatine has been shown to occur in many organs of rats treated with 3:5-dinitro-o-cresol, a substance which inhibits oxidative phosphorylation (Parker, 1954) . From these facts one may expect that ATP concentration in fatty liver is decreased.
Only scanty indirect data are available in the literature on organophosphorus compounds in fatty liver. Flock, Bollman & Mann (1936a, b) found a decrease of inorganic orthophosphate in the liver of dogs fed on a hyperlipidic diet, but reported a normal distribution of organophosphorus compounds in the liver of dogs treated with carbon tetrachloride. Kaplan & Greenberg (1944) observed a decrease of high-energy phosphates in fatty livers of rats fed on a hyperlipidic diet. Wagtendonk (1944) and Wagtendonk & Lamfrom (1945) described a marked decrease of ATP and phosphocreatine in liver, kidneys and muscles of rats fed on a diet deficient in vitamin E. It is well known that this deficiency produces fatty infiltration and necrosis in the liver, as well as muscular dystrophy (Himsworth, 1952) . Ennor & Stocken (1948) , on the contrary, found in the liver of guinea pigs treated with carbon tetrachloride a marked increase of those acid-soluble organophosphorus compounds having insoluble barium salts. This fraction contains mainly ATP, adenosine diphosphate (ADP) and hexose diphosphate. The results of Ennor & Stocken were confirmed by Rowles (1952) , who used the enzymic method of Rowles & Stocken (1950) for the determination of ATP. The discrepancy in these results may be perhaps attributed to the different methods that have been used. Since new specific methods are now available for estimation of ATP, the problem of the content of ATP in fatty livers has been again investigated, and the results are described here.
MATERIAL AND METHODS
Production of fatty livers. Albino rats from an inbred strain, weighing 120-150 g., were used in most experiments. Guinea pigs weighing 250-300 g. were used in some instances. The animals were fed on a standard diet. Fatty infiltration of the liver was obtained by three different procedures: (1) by daily subcutaneous injection of CC14
[a 20 % (v/v) solution in olive oil, 0-2 ml. for rats, 0 4 ml. for guinea pigs]; (2) by daily subcutaneous injection of a 0-5 % solution of white phosphorus in olive oil (0-1 ml. for rats, 0-3 ml. for guinea pigs); (3) by feeding rats on a diet deficient in choline. The composition of this diet has been described in another paper (Dianzani, 1955) . A control group of rats fed on the same diet received a daily dose of 5 mg. of choline given subcutaneously.
Preparation of homogenates and extracts. The animals were killed by decapitation in the cold room, and their organs (liver, kidney, heart and leg muscle) were immediately dissected out and weighed as quickly as possible. Homo- LePage (1951) . Deproteinization of homogenates was made by adding trichloroacetic acid. The mixture was filtered after standing for 10 min. in the cold room at 20. The filtrate was neutralized with N-NaOH and then analysed for total phosphorus, 'apparent' inorganic phosphorus and 'true' inorganic phosphorus. This last was determined by adding to the neutralized filtrate 0-2 vol. of 10% (w/v) CaCl2 saturated with Ca(OH)2 at pH 8-8 (LePage, 1951) . The 116 difference between the values for 'apparent' inorganic phosphorus and for 'true' inorganic phosphorus was taken to be the phosphorus in phosphocreatine. Fractionation of organic phosphates was made with barium acetate at pH 8-2. The fraction giving insoluble barium salts was analysed for acid-labile P (increase of inorganic phosphate after hydrolysis with N-HCI at 1000 for 8 min.) and for ribose and fructose. This fraction contains mainly ATP and ADP, as well as hexosediphosphate. As hexose diphosphate was found to be hydrolysed to the extent of about 20 % in N-HCI at 1000 for 8 min., the amount of phosphate released from hexose diphosphate in each experiment was calculated from fructose estimations. These were made according to Roe (1934) . The values obtained were then subtracted from those for acid-labile P in order to obtain the data for P released from ATP plus ADP. The relative concentrations of ATP and ADP were deduced from the-value of the molar quotient acid-labile P/ribose. Ribose was determined by the method of Meijbaum (1939) . All phosphorus determinations were made by the method of Berenblum & Chain (1938) .
Method B was the enzymic procedure developed by Holloway (1954) , which was adapted for tissue extracts. The enzymic reaction involved in this method is the conversion of 3-phosphoglycerate into 1:3-diphosphoglycerate in the presence of ATP and of a phosphoglycerate kinase from green peas. When 3-phosphoglycerate and the enzyme are in excess, the amount of 1:3-diphosphoglycerate which is formed is a measure of the amount of ATP present in the reaction medium. 1:3-Diphosphoglycerate is estimated by the hydroxamic acid assay described by Lipmann & Tuttle (1945) with some modifications introduced by Holloway (1954) . Phosphoglycerate kinase was prepared according to Holloway (1954) . The reaction medium contained ATP (potassium salt) or tissue extract, 0-056 M potassium 3-phosphoglycerate, 0 4 ml. of hydroxylamine reagent, 0-3 ml. of phosphoglycerate kinase and water to 2 ml. Incubation time was 2 hr. at 380. Hydroxylamine reagent is 2-5m hydroxylamine hydrochloride solution, pH 7 3, containing 0-015M-MgCl2. The reaction was stopped by the addition of 3 ml. of FeCl3reagent and 2-5 ml. of ethanol. The FeCl3 reagent contained 8-3 g. of FeCl3, 6H20, 0-20 g. of trichloroacetic acid and 42 ml. of conc. HCI made up to 500 ml. with water. The reaction mixture was then centrifuged at 3000 g before the optical density at 490 m,u. was read. The accuracy of the method was previously tested with different known amounts of ATP. Plotting the optical density againstATP concentration gave a straight line. The accuracy ofthe estimation was found to be + 7 %, within the range 0-2-2,umoles of ATP. The reaction is specific for ATP. ADP, phosphocreatine and adenosine monophosphate, and different mixtures of these substances, gave negative results. As the sensitivity of the method is not high, large amounts of tissues must be used in order to prepare extracts for estimation of ATP. For this purpose, 1-2 g. of tissue was homogenized in a mortar with a small volume of water (3-4 ml.) containing 0-2 ml. of 40 % (w/v) trichloroacetic acid. Precipitated proteins were discarded after centrifuging and the supernatant was neutralized with 30 % (w/v) KOH. A portion (1 ml.) of the neutral fluid was used in each determination. Small amounts of substances giving positive colour reaction in the absence of the enzyme are present in tissue extracts, and a blank at zero time is therefore necessary. In some experiments, known amounts of ATP were added to the homogenate immediately before the addition of trichloroacetic acid, in order to study the extent of loss of ATP during the procedure. The recovery of added ATP was 95 ± 6 %.
Method C was the enzymic procedure recently described by Slater (1953 Reagents. ATP (sodium salt) of chromatographic-purity grade was obtained from Schwarz Lab. Inc., New York 17, N.Y. It gave only one spot in chromatograms. ATP (potassium salt) was prepared from the dibarium salt by solution of the latter in N-HCI, precipitation of barium with the calculated amount of H2SO4 and neutralization with 0-1N-KOH. ADP (sodium salt) was prepared from the dibarium salt (Schwarz) by a similar procedure. Adenosine monophosphate (sodium salt) was prepared by neutralization of the acid (Schwarz). DPN of 90-95% purity was obtained from the Sigma Chemical Co. 3-Phosphoglycerate (potassium salt) was obtained from the dibarium salt (Sigma) by the same procedure as for the potassium salt of ATP. All other substances used were Merck (Darmstadt) products. Statistical evaluation of results. The values obtained were submitted to statistical analysis, the standard deviation and the Student's t test being calculated for each average. Only differences with a t value corresponding to a probability P <0 05 were accepted as significant.
RESULTS

Adeno8ine triphosphate content of rat organs
The results of the investigation on some rat organs for ATP content are represented in Tables 1-3.  Table 1 reports the results which were obtained by the method of chemical fractionation of phosphate compounds in tissue extracts (LePage, 1951) . Table 2 reports results obtained by the enzymic procedure of Holloway (1954) . Table 3 gives a comparative picture of the values obtained by four different methods for ATP and ADP in the liver of normal and of treated rats. It is interesting to note that the values for ATP content of normal organs found by these methods do not differ much, and that they lie within the range of the standard deviation. This proves the reliability of all the methods used. The values found for ATP agree with those reported by other workers (Wildman, Campbell & Bonner, 1949; Rapoport, 1945; Venkataraman, Venkataraman, Schulman & Greenberg, 1950; Kaplan & Greenberg, 1944; Albaum, Tepperman & Bodansky, 1946; Albaum, Pankin & Harvill, 1953; Proger, Decaneas & Schmidt, 1945) . The values obtained for ADP were always lower than those found for ATP. The molar ratio ATP:ADP was nearly 3: 1 in all tissues studied. This value agrees substantially with those found for rat liver by Albaum, Tepperman & Bodansky (1946) , by Albaum, Pankin & Harvill (1953) and by Oliver (1953) , but differs remarkably from those reported by LePage (1946) (1: 17), by Ennor & Stocken (1948) (from 1: 1 to 1: 7), by Rapoport (1945) (1: 2) and by Rowles (1952) (9: 1) .
It is clear from Tables 1-3 that there is a marked decrease of ATP in all the types of fatty livers studied, the decrease being shown by all four methods of estimation. Table 1 shows that phosphocreatine also is decreased in fatty livers. It was found by the chemical fractionation method that the decrease of acid-labile P was not proportional to that of ribose contained in the same fraction. Calculation of relative amounts of ATP and ADP present in the fraction with insoluble barium salts, on the basis of the molar quotient acid-labile P/ribose, showed that the decrease of acid-labile P in fatty livers is due mainly to loss of ATP, whereas the ADP concentration increases significantly. This was confirmed by the data obtained by method (, which is anenzymic one. Themolar ratioATP: ADP, which was about 3: 1 in normal livers, attained the value 1: 15 in the livers of rats fed for six weeks on a diet deficient in choline (method A). LePage (1951) . Data for ATP andADP were calculated from those of acid-labile P and of the molar quotient acid-labile P/ribose. Method B is the enzymic method of Holloway (1954) . Method C is the enzymic procedure of Slater (1953) No. of expts. 7 10 7 6 6 6 6 8 6 6 6 6 6 11 6 6 6 6 6 6 6 6 6 6 6 6 6
The extent of the decrease of ATP was particularly great in the livers of rats receiving six injections of carbon tetrachloride, or three injections of white phosphorus, and of those fed for six weeks on the deficient diet. It was, however, noticeable also in the livers of rats fed on this diet for only one week, as well as in the livers of rats which received only one injection of carbon tetrachloride or phosphorus. Since the total-lipid content of the livers ofthese rats was not significantly increased, one may assume that depletion of ATP occurs before fatty infiltration. Nitrogen content of fatty livers was decreased, but to a considerably lesser extent than ATP, so that the decrease of ATP was significant also on a nitrogen-content basis.
ATP content of other tissues (kidney, heart and skeletal muscle) remained unaffected during the first stages of the treatments. After longer treatments, however, ATP decreased in the kidney, but it remained unaffected in both heart and skeletal muscle. Histological specimens of the kidneys in which ATP was decreased showed regressive processes such as cloudy swelling, tubular atrophy, haemorrhagic changes. No histological damage was found during the early stages of treatment, when ATP content was normal. This means that decrease of ATP is not a feature peculiar to fatty livers only, but probably occurs also in other regressive processes. In fact, decrease of P: Oratioswas found also in cloudy swelling (Dianzani, 1954; Fonnesu & Severi, private communication). Also P was found to be decreased in the kidneys of guinea pigs treated with diphtheria toxin; here again histological examination showed cloudy swelling (Fonnesu & Severi, 1953) .
ATP content of guinea-pig liver The experiments of Ennor & Stocken (1948) and those of Rowles (1952) , who found an increase of P in the liver aftercarbon tetrachloridepoisoning, were made on guinea pigs. It seemed possible therefore that the discrepancy in the data found for rats during the present investigation, and those reported by these workers, could be referred to a species difference. The experiments were therefore repeated with guinea pigs. The results, which are given in 
Adenosine phosphates of isolated mitochondria
In some experiments, the adenosine phosphates of isolated mitochondria were determined in both normal and fatty livers, by the chromatographic method of estimation. The results, which are reported in Table 5 , show that the percentage distribution of adenosine phosphates in liver mitochondria from normal rats resembles strongly that found by Bartley & Davies (1954) for sheep kidneycortex mitochondria. These authors noted that the relative proportions of these compounds are much nearer the equilibrium of myokinase than those found in whole homogenate, and suggested that this was due to the presence of myokinase within mitochondria. It is clear from Table 5 that the amount of adenosine nucleotides is decreased in mitochondria from fatty livers. All three phosphates are decreased, but ATP is affected more than ADP.
Loss of adenosine phosphates from mitochondria after incubation in hypotonic medium The decrease of adenosine phosphates in mitochondria from fatty livers could perhaps be due to their release into the surrounding medium. This was found to be the case for cytochrome c (Dianzani & Viti, 1955) and for pyridine nucleotides (Dianzani, 1955) , and also for ATP (Blaschko, Bom, D'Iorio & Eade, 1956 ) with ox adrenal-medullary granules submitted to hypotonic swelling. To test this possibility, mitochondria isolated from both normal and fatty livers were suspended either in 0-25M sucrose or in water. Potassium fluoride (0O01.M) was added to the suspension medium in order to inhibit ATPase, preliminary experiments having shown that this concentration inhibits the enzyme to an extent of about 60 %. The suspensions were allowed to stand at 28°for 10 min. and were then centrifuged at 12 000 g for 30 min. at 00. The sediment was suspended in the same volume ofwater, and 0*1 ml. of 10 % (w/v) trichloroacetic acid was added to both resuspended sediment and supernatant. The adenosine phosphates of the proteinfree neutralized fluids were then determined by paper chromatography. It was found (Table 5 ) that a portion of the adenosine nucleotides is displaced from mitochondria into the surrounding medium as a consequence of incubation. With normal mitochondria, this portion was relatively small when the incubation medium was isotonic sucrose; it was, however, much higher when the incubation medium was water. With mitochondria isolated from fatty Vol. 65 121 M. U. DIANZANI livers, the amount of adenosine nucleotides released into the surrounding medium was high, regardless of tonicity. Percentage recovery of ATP, calculated from the sum of ATP found in the sediment plus that found in the supernatant, was higher with normal mitochondria incubated with isotonic sucrose, than with the same mitochondria incubated with water. The reverse occurred for ADP. This means that a portion of ATP is destroyed through ATPase action during the incubation time. Here again, the change of incubation medium did not alter the behaviour of mitochondria from fatty liver. DISCUSSION
This investigation shows that a marked decrease of ATP occurs in fatty livers of both rats and guinea pigs. Since the fatty livers have been produced by three different types of treatment, it seems evident that the decrease of ATP is a feature of this type of regressive process. Since the ATPase activity of fatty livers is increased, the question arises whether the loss of ATP occurs in vivo, or whether it is produced after the death of the animal during the preparation of homogenates. As this process lasted only about 30 sec., this second hypothesis seemed improbable. Some experiments were made, however, in which 0-25M sucrose containing 0O-lM potassium fluoride was used for the preparation of the homogenates, in order to inhibit ATPase. Other samples from the liver of the same rats were homogenized in 0-25M sucrose as usual. No difference was found between the values obtained for ATP and ADP either in the presence or in the absence of 0-O1M potassium fluoride. The hypothesis that loss of ATP occurs during homogenization as a consequence of ATPase activation is then highly improbable.
The results described in this paper with regard to P content in fatty livers agree with those of Kaplan & Greenberg (1944) , who found decrease of these substances in the liver of rats fed on a hyperlipidic diet, and with those of Wagtendonk (1944) , who found a marked decrease of ATP and phosphocreatine in fatty livers of rats fed on a diet deficient in vitamin E. They do not confirm, however, the results obtained by Ennor & Stocken (1948) and by Rowles (1952) Freezing is known to produce damage to mitochondria (Williams, 1952; Porter, Deming, Wright & Scott, 1953; Witter, Cottone & Stotz, 1954) as well as loss of soluble coenzymes from them. ATP requirements for choline and citrate oxidations are increased in these mitochondria and ATPase activity is also increased (Witter, Cottone & Stotz, 1954) . Some ATPase estimations which were made during the present investigation confirmed this. The ATPase activity of mitochondria isolated from nonfrozen liver was found to be able to release from ATP 7-55 ± 0-31 mg. of inorganic P/hr./g. of wet liver, and the value for mitochondria isolated from frozen liver was 13-6 ± 0-8. (The number of experiments was six for each group.) The fact that Ennor & Stocken obtained by the chemical method of Vol. 65
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estimation ATP: ADP ratios ranging from 1:1 to 1:7, and that the ratio was 3:1 in the present experiments, strongly supports this interpretation.
In other experiments by Ennor & Stocken, in which the relative amount of ATP and ADP were calculated by the myosin ATPase method, ATP:ADP ratios ranged from 90: 1 to 2: 1.
In some experiments which were made during the present investigation, extracts were prepared from frozen livers, freezing being obtained very quickly with compressed gaseous carbon dioxide. The ATP content of normal guinea-pig liver was found to be about 40 % lower by this method than by the procedure consisting of direct homogenization without previous freezing. ADP was higher under the same conditions (Table 6) . Lower values for adenosine polyphosphates in frozen than in nonfrozen livers were observed also by Rowles (1952) . If this explanation for the low values reported by Ennor & Stocken is valid, one may perhaps explain also why these authors found higher acid-labile P levels in fatty than in normal livers. In fact, fatty livers contain much more ADP than the normal ones; they must then be affected by ATPase activation to a much lesser degree. The increase of ADP in fatty livers may be due either to increased rate of synthesis or to decreased disappearance. Since ATPase is increased and oxidative phosphorylation is inhibited, whereas the myokinase reaction is quite normal, it seems probable that all these phenomena contribute to the increase of ADP.
The decrease of ATP is particularly marked in mitochondria. Also ADP and adenosine monophosphate are decreased in these particles. One of the reasons for this decrease seems to be their displacement from the mitochondria into the surrounding medium. This was found to happen also with cytochrome c and the pyridine nucleotides. Loss of adenosine nucleotides was observed also with normal mitochondria suspended in water; it seems probable that it is concerned with swelling of mitochondria and with their increased permeability. Loss of soluble coenzymes and cofactors seems then to be a rather general feature of swollen mitochondria. In fatty livers, the decrease of these factors (ATP and DPN) seems to occur before the beginniing of fatty infiltration; it is then probable that this phenomenon is responsible for accumulation of fat. In fact, ATP is necessary for the activation of fatty acid oxidation, and DPN is an obligatory hydrogen acceptor in the fatty acid cycle (Lipmann, Jones, Black & Flynn, 1952; Lynen & Ochoa (1953) . SUMMARY 1. The content of adenosine phosphates in liver, kidney, heart and skeletal muscle has been studied by four different methods in normal rats and in rats with fatty livers. The fatty infiltration of the liver was obtained by three different procedures (treatmerit with carbon tetrachloride; treatment with white phosphorus; feeding on a diet deficient in choline).
2. A marked decrease of adenosine triphosphate (ATP) was found in fatty livers by all four methods of estimation. Adenosine diphosphate (ADP) was increased.
3. Decrease of ATP and increase of ADP occurred in the livers of treated animals before the beginning of fatty infiltration.
4. ATP decreased slightly also in the kidneys of treated animals, but only after long treatment. Histological examination of these kidneys showed cloudy swelling, tubular atrophy, haemorrhagic changes. No change was found in the ATP content in the heart or skeletal muscle.
5. The concentration of adenosine phosphates was much decreased in mitochondria isolated from fatty livers. Mitochondria isolated from normal livers released more adenosine phosphates into the surrounding medium when they were suspended in water than when in isotonic sucrose. Mitochondria from fatty livers released about the same amount of adenosine phosphates both in hypotonic and in isotonic media.
6. Possible explanations of the experimental results are discussed.
